Toxicity resulting from excessive intra-synaptic serotonin, historically referred to as serotonin syndrome, is now understood to be an intra-synaptic serotonin concentration-related phenomenon. Recent research more clearly delineates serotonin toxicity as a discreet toxidrome characterized by clonus, hyper-reflexia, hyperthermia and agitation. Serotonergic side-effects occur with serotonergic drugs, and overdoses of serotonin re-uptake inhibitors (SRIs) frequently produce marked serotonergic side-effects, and in 15% of cases, moderate serotonergic toxicity, but not to a severe degree, which produces hyperthermia and risk of death. It is only combinations of serotonergic drugs acting by different mechanisms that are capable of raising intra-synaptic serotonin to a level that is life threatening. The combination that most commonly does this is a monoamine oxidase inhibitor (MAOI) drug combined with any SRI. There are a number of lesserknown drugs that are MAOIs, such as linezolid and moclobemide; and some opioid analgesics have serotonergic activity. These properties when combined can precipitate life threatening serotonin toxicity. Possibly preventable deaths are still occurring. Knowledge of the properties of these drugs will therefore help to ensure that problems can be avoided in most clinical situations, and treated appropriately (with 5-HT 2A antagonists for severe cases) if they occur. The phenylpiperidine series opioids, pethidine (meperidine), tramadol, methadone and dextromethorphan and propoxyphene, appear to be weak serotonin re-uptake inhibitors and have all been involved in serotonin toxicity reactions with MAOIs (including some fatalities). Morphine, codeine, oxycodone and buprenorphine are known not to be SRIs, and do not precipitate serotonin toxicity with MAOIs. 2005; 95: 434-41 
Advances in understanding the mechanism of action and receptor profile of drugs, and the features of serotonin toxicity, have led to increased ability to explain and predict drug interactions involving opioid analgesics and monoamine oxidase inhibitors (MAOIs). Ever since the discovery of the MAOI anti-tuberculous drug iproniazid, in the mid1950s, there have been concerns about interactions between MAOI antidepressant drugs, including new reversible inhibitors of monoamine oxidase-A (RIMAs) typified by moclobemide, and analgesics used in anaesthesia. 9 14 57 58 71 74 This topic continues to be confused by an incomplete understanding of the clinical picture of serotonin toxicity. This review aims to clarify the situation, through use of recent data concerning the nature of the interaction, its clinical characteristics and the properties of the drugs involved. The appropriate treatment using 5-HT 2A antagonists for severe cases is highlighted.
Ever since the initial report by Oates in 1955 55 there have been periodic reviews in the literature concerning the safety, or otherwise, of opioid analgesics in patients who were taking MAOIs. 9 13 36 47 54 61 68 78 The enduring difficulty in understanding the nature of the problem is related to several factors. First, the apparent serotonin re-uptake inhibitor (SRI) capacity of opioid analgesics is only partially documented even now, and it is possible they have other serotonergic effects. Also, until recently, there has been a lack of systematic data to accurately define the features of serotonin toxicity; and the spectrum concept of serotonin toxicity, that emphasizes it is a dose-related phenomenon not an idiosyncratic reaction, has only recently been formulated. that there is a spectrum of serotonergic side-effects blending into more severe reactions that can be described as toxicity. 23 28 39 83 This is the spectrum concept of serotonin toxicity and evidence supporting the existence of a clear dose-effect relationship has been described in detail elsewhere. 20 39 81 83 84 Serotonin toxicity has now been more clearly characterized as a triad of neuro-excitatory features.
1. Neuromuscular hyperactivity; tremor, clonus, myoclonus, hyper-reflexia and (in the advanced stage) pyramidal rigidity. 2. Autonomic hyperactivity; diaphoresis, fever, tachycardia and tachypnoea. 3. Altered mental status; agitation, excitement and (in the advanced stage) confusion.
The features that usually distinguish it from other states with which it might be confused are: myoclonus, clonus and hyperreflexia.
12 20 27 28 80 83 Professor Whyte's group at the Hunter Area Toxicology Service (HATS) have prospectively documented over 2000 cases of serotonergic drug overdose. Whyte has applied decision tree rules to their large data set and found . . . 'only clonus (inducible, spontaneous or ocular), agitation, diaphoresis, tremor and hyperreflexia were needed for accurate prediction of serotonin toxicity as diagnosed by a clinical toxicologist'. The decision rules are detailed in their seminal paper, 12 which should be studied. They demonstrate clearly that if, in the presence of a serotonergic agent, spontaneous clonus is present serotonin toxicity may be reliably diagnosed; failing that, if inducible clonus is present with agitation or diaphoresis serotonin toxicity may be reliably diagnosed.
Clinically, the onset of frank toxicity is usually rapid, because it results from drug combinations and starts when the second drug reaches effective blood levels. The general clinical picture is often alarming, and rapidly progressive after the first or second dose of the second serotonergic drug in the patient's regimen. The serotonin toxic patient is often initially alert, even hypervigilant, with tremor and hyperreflexia. Ankle clonus and myoclonus may be demonstrable. Neuromuscular signs are initially greater in the lower limbs, then become more generalized as toxicity increases. Patients may exhibit such pronounced tremors as to cause concern that they may precipitate themselves from their bed to the floor. Then the autonomic features become more evident with fever, sweating, mydriasis, tachycardia and tachypnoea. These features fluctuate mildly, but are not usually severe, nor a management problem. Other symptoms may include shaking, shivering often including chattering of the teeth and sometimes trismus and even opisthotonous. Pyramidal rigidity is a late development in severe cases, and when it affects truncal muscles can impair ventilation. Rigidity, decreasing Pa CO 2 , and a fever of more than 38.5 C heralds life-threatening toxicity.
A possible differential diagnosis is often stated to be neuroleptic malignant syndrome (NMS) where bradykinesia results in a state of immobilization, akinesia and stupor, lead pipe or cogwheel rigidity, fever and autonomic instability. However, in clinical practice, the following features invariably clearly differentiate the two. 20 79 82-84 Serotonin toxicity is caused by serotonergic drugs (frequently and predictably, is dose-related). NMS occurs in association with neuroleptics (rarely and idiosyncratically, is not dose-related). Serotonin toxicity, rapid onset and progression (hours). NMS, slow onset and progression (days). Serotonin toxicity, hyperkinesia and hyperreflexia/clonus, pyramidal rigidity. NMS, bradykinesia and extrapyramidal rigidity.
NMS shares similarities with malignant hyperthermia (MH) 40 41 77 and for the same reasons is unlikely to be confused with serotonin toxicity, except, perhaps, whilst a patient is under anaesthesia when hyperkinesia, hyperreflexia and clonus may be suppressed. Another possible differential diagnosis is anticholinergic delirium. Both anticholinergic delirium and serotonin toxicity can manifest with impairment of consciousness, tachycardia and pyrexia, but diaphoresis, clonus and hyperreflexia usually distinguish them and in anticholinergic toxicity the skin and mucous membranes are dry, and increased tone and hyper-reflexia are not present. Diaphoresis, clonus and hyperreflexia also make it difficult to confuse serotonin toxicity with drug withdrawal, for example alcohol or benzodiazepines. Exclusion criteria for the diagnosis of serotonin toxicity have been suggested, 73 including recent administration of a neuroleptic and substance withdrawal. There is no logical justification for those, or any other features, assuming a hierarchical precedence over signs of serotonin toxicity, as has been discussed elsewhere. 25 27 28 In contrast to MH and NMS, serotonin toxicity is directly and frequently related to ingestion of serotonergic agents (i.e. it is poisoning). Conversely, NMS and MH are rare idiosyncratic reactions. NMS is not more common after over-doses. 37 
Implicated drugs
The only therapeutic drugs implicated in severe reactions that are capable of precipitating fatalities is the combination of MAOIs with SRIs (Table 1) . Illicit CNS stimulant drugs such as MDMA, ecstasy (3,4-methylenedioxymethamphetamine), if combined with MAOIs (including moclobemide) do also cause fatalities because they act as serotonin releasers (see Table 1 ). Serotonin releasers in combination with MAOIs are the only other combination able to cause serotonin toxicity of a severe and potentially fatal degree. Several unpublished cases (of MAOI/releaser combinations) are known to this author, and a recent case series of four deaths has been reported by Vuori. 76 It may be noted that none of the patients were treated with 5-HT 2A antagonists. Theoretically, a combination of amphetamine (but not methylphenidate) and an MAOI would precipitate serotonin toxicity; 29 but this is rarely encountered in practice, and no fatalities are known. A comprehensive referenced list of drugs that possess MAOI or SRI properties, to a degree that is clinically significant, may be found in Gillman 1998, 20 an abbreviated list is presented in Table 1 and an updated version is maintained on the author's website (www.psychotropical.com).
Overall, there is a strong association between SRI potency and ability to precipitate fatalities in combination with MAOIs, such that binding affinities at the serotonin transporter (i.e. the serotonin re-uptake mechanism) of less than 1 nM are invariably associated with the ability to precipitate toxicity, and potencies in the 1-10 nM range are borderline ( Table 2) . Table 1 highlights the two anomalous and structurally related drugs venlafaxine and tramadol, because our current estimates of their SRI potency suggest they should not be a risk for toxicity. There is evidence they also act as serotonin releasers, 2 3 not solely as re-uptake inhibitors, which may account for this discrepancy. What currently appears to be a large discrepancy in the case of pethidine, which is a very weak SRI (these new data only became available during the writing of this present paper), could possibly be accounted for by serotonin releasing properties, although as yet there is no direct evidence for this. For the structurally homologous tricyclic antidepressants (TCAs) the relationship between SRI potency and toxicity is robust, no TCA that is weaker than imipramine has ever been implicated in serotonin toxicity, and clomipramine which is significantly more potent, is much more prone to precipitate serotonin toxicity (Table 2) .
Also, a recent review of the literature 15 demonstrates that, of the releasers, amphetamine is relatively potent and a risk, whereas methylphenidate is a weak releaser 67 and there is good evidence that there is no danger of serotonin toxicity with it and MAOIs. 15 29 Familiarity with the drugs in Table 1 will ensure serious reactions are avoided. The old MAOIs are well-known, the most frequently encountered are phenelzine and tranylcypromine. The newer RIMA called moclobemide is an MAOI, as is linezolid, the new antibiotic. The standard SSRI antidepressants are also well-known, some other drugs with significant SRI potency are less familiar. These include the dual action antidepressants (SNRIs) venlafaxine, duloxetine, milnacipran and the weight reduction drug sibutramine. Some of the opioid analgesics are weak SRIs (see Table 2 ). The anti-histamine chlorpheniramine is available for the i.v. route of administration, and being an SRI might possibly provoke a reaction.
The early drugs that were involved in these interactions with MAOIs (pethidine and imipramine) are weak SRIs and, because there is a dose-effect relationship, they usually fail to produce a reaction. The practical consequences of this can be seen clearly from the work published by Evans-Prosser in 29 with permission. *In vitro receptor assays provide an estimate of the drugs potency as an SRI; a lower K i indicates higher potency. Until replicated human cloned receptor data are available for all of these drugs no precise comparisons will be possible.
2 10 17 30 **There is evidence that venlafaxine might have some other serotonergic action as well as significant serotonin re-uptake inhibitor potency: 2 3 this might be related to the anomalous toxicity, it is much weaker as an SRI than any other antidepressant that is capable of inducing serotonin toxicity. It is important to note that these data cannot be compared directly drug to drug because it comes from different sources and species. It can only give a guide as to potency. The results from Codd 10 are presented separately because this is the only paper that has screened a group of drugs using the same methodology 1968. As a result of the uncertainty in this area ChurchillDavidson 9 developed a testing procedure for checking whether patients on MAOIs were going to exhibit a reaction to analgesics. Evans-Prosser modified this procedure in 1968 and described an experiment in which they gave 15 patients injections of pethidine, morphine or water, in graduated doses, under controlled conditions in hospital. The maximum dose of pethidine was 75 mg and morphine 7.5 mg. All of the 15 patients received, in blind random order, each of these three treatments. They administered a maximum single dose of 75 mg pethidine to 15 subjects, none of whom experienced any serotonergic symptoms. Serotonin toxicity was not then well defined or understood, so they could not have known the key symptoms to elicit, so did not examine patients for hyperreflexia or clonus, they measured the pulse and arterial pressure. A lack of awareness of what specific symptoms to look for continues, even now, to inhibit detection of these reactions. Evans-Prosser's group of patients represents the only case series of this sort, and even now constitutes valuable data. This confirms the predictions of the spectrum concept of serotonin toxicity, which is that weak SRIs like pethidine are sometimes capable of precipitating serotonin toxicity, but only in susceptible individuals, or with particularly large doses. The complete list of the references relating to serotonin toxicity and analgesics, located through a search of the listed papers and standard databases (approximately 40), are detailed at www.psychotropical.com. There are some cases detailed there that do not appear in any other review of the subject. 5 20 33 Pethidine has undoubtedly caused a number of severe reactions, and some fatalities; 48 57 58 60 63 70 the other SRI analgesics have also precipitated some fatalities. 31 53 59 60 64 69 Especially when considered in relation to the Evans-Prosser paper above, this is a clear illustration of how a small case series, using usual therapeutic doses, may lead to a false sense of security, because the dose-effect relationship is not sufficiently appreciated. This is especially important when phamacokinetic and pharmacodynamic interactions coincide, which can elevate blood levels above those found in the average patient. We now know that differences in cytochrome P450 enzymes produce 20-50-fold variations in serum levels between different patients. 34 The limited available clinical and experimental data agree that morphine analogues are not SRIs, nor do any of them precipitate serotonin toxicity with MAOIs (morphine, codeine, oxycodone, buprenorphine). There are no reports of serotonin toxicity with those drugs. The phenylpiperidine series opioids, pethidine (meperidine), tramadol, methadone and fentanyl (and congeners), and dextromethorphan and propoxyphene, are probably all borderline, being weak serotonin re-uptake inhibitors. 10 These drugs have been implicated in multiple reports, which are almost certainly serotonin toxicity, as judged by a subjective interpretation of the old case reports 20 and informed by more accurate recent data concerning the characteristic features of serotonin toxicity. 12 More precise data about SRI potency from human cloned receptor assays would be valuable, because we can reliably predict that only those drugs that are potent SRIs or releasers will precipitate serotonin toxicity. Unfortunately, the only published data are from the paper by Codd, 10 which used older assay methods. The central internet accessible database maintained by Roth's group (called the 'PDSP Ki database' at http://pdsp.cwru.edu/ pdsp.php) 65 contains no additional data (as of March 2005) on any of the drugs listed in Table 2 .
Details of all cases involving analgesics (approximately 40) are contained in this author's updated review. 29 In summary, all the opioid analgesics with serotonergic effects have been involved in serotonin toxicity reports, but none of the drugs without SRI capacity have been. There remains a possibility that drugs with anomalous properties, like tramadol and pethidine, may yet be revealed to be working as serotonin releasers. Recently developed assays to estimate these properties may elucidate the situation in the near future. 66 There are a few individual case reports worthy of particular comment. In my opinion the Noble case report fatality 53 was probably a result of serotonin toxicity. This patient was on MAOIs before cardiac surgery and was administered fentanyl. In the postoperative recovery phase the patient exhibited shivering and hyperpyrexia. The authors considered the possibility of serotonin toxicity and reached the conclusion that fentanyl cannot be assumed to be safe. A more recent report by Roy and colleagues, although not considered by its authors to be serotonin toxicity, may represent a hitherto unrecognized report of serotonin toxicity with fentanyl. 68 Therefore, as predicted from the SRI potency data, there is a question mark over fentanyl, despite opinions in previous reviews that it is safe. 1 8 72 However, its potency as an SRI is low, so as expected (and like pethidine) it has been reported to have been used with impunity. 13 16 36 47 53 68 72 78 It is appropriate to note that it is probable that fentanyl has been used in a many cases in combination with MAOIs that have not been reported in the literature because there has been no problem. There is insufficient basis for an accurate estimate of the risk, which would seem to be so low that one could not suggest use of fentanyl (or its congeners) is strongly contra-indicated if there is no appropriate alternative. Although there are no SRI data concerning remifentanil, all fentanyl congeners have short half-lives and would be expected to be more safe because they are quickly reversible. Remifentanil's safe use in conjunction with MAOIs has been reported. 75 It is to be expected that pharmacogenetics may enable advanced prediction of those cases likely to develop high blood levels and thus be at higher risk, and in the future such patients may be genetically screened before operation if they are on MAOIs. 35 There are a number of lesser known drugs, such as the MAOIs linezolid and moclobemide, and the SRIs tramadol and sibutramine, which possess these properties and can therefore precipitate life threatening serotonin toxicity. 23 26 We can therefore predict that combinations of linezolid with various lesser known SRIs, like sibutramine or even fentanyl, might possibly precipitate serious serotonin toxicity, or even cause fatalities. 22 24 Deaths that might have been prevented are still occurring. 4 56 76 The Ottey case is a salutary example of the clinical consequences that can result from a single dose of an SRI; this occurred in a European university hospital recently when imipramine 225 mg was administered to a patient already stabilized on 50 mg daily of tranylcypromine. The error was recognized and the patient was transferred to ITU. Rapid deterioration occurred with rigidity and hyperthermia of 40 C, the patient died within 24 h. No serotonin antagonists were used; neither does the report contain references indicating post hoc recognition of their possible benefit. A knowledge of the properties of these drugs may help to ensure that problems can avoided in most clinical situations, and treated appropriately if they occur.
Treatment
Careful consideration of the need for treatment is important, especially because the inappropriate generalization has often been repeated, that 'cessation of drugs and non-specific treatment is all that is necessary in a majority of cases'. To state that without understanding the spectrum concept is a risky over-simplification of the issues, because some patients will die before the effects of ingested drugs wear off: when both an MAOI and an SRI have been co-ingested (even in low doses) rapid deterioration and death is well documented 20 56 62 if appropriate intervention is not promptly initiated. Early transfer to a medical ICU and consultation with a toxicologist is strongly recommended. An overdose of an SSRI alone only produces a moderate degree of serotonin toxicity at worst (in 15% of cases it is sufficient for admission and active medical treatment), but with no serious sequelae or fatalities (see 83 84 for details). However, if an MAOI or RIMA+SRI have been co-ingested (as an 'over-dose') then more than 50% of such cases experience severe serotonin toxicity. 38 Even therapeutic doses of moclobemide have been associated with severe toxicity when combined with SRIs, especially venlafaxine, 23 32 despite opinion expressed in recent reviews 7 11 suggesting that such combined treatment for depression might be safe. It is these combinations of MAOI or RIMA+SRI that are most likely to require active medical intervention including, cooling, 5-HT 2A antagonists and possibly neuromuscular paralysis with trachael intubation and mechanical ventilation of the lungs. Severe late stage serotonin toxicity progresses from clonus and hyper-reflexia to rigidity, of first the lower limbs, and then the truncal muscles. This may produce impairment of breathing and a rise in Pa CO 2 , which precipitates the need for intubation and neuromuscular paralysis.
The 'HATS' treatment protocol builds on the data and recommendations reviewed previously by Gillman. 20 21 Cyproheptadine (see Table 3 ), only available as tablets, is effective for the milder cases; current experience suggests doses of 12 mg orally (or crushed via nasogastric tube) initially, followed by 4-8 mg every 6 h. However, if charcoal has already been given, or the urgency of the situation requires rapid intervention, then chlorpromazine may be used via the i.v. route. At present there is no widely available 5-HT 2A antagonist for i.v. use in humans except chlorpromazine. In severe toxicity (life-threatening cases) it has been used in more than 20 instances (in the 'HATS' experience) with good effect and no fatalities: see also reference 21 for a review of all other reported 'non-HATs' cases. Fluid loading is advised before giving chlorpromazine (because of hypotension via adrenergic a2 receptor antagonism). HATS experience suggests dosing in the range of 12.5-25 mg i.v. initially, followed by 25 mg orally or i.v. every 6 h. Higher doses have also been used with apparent safety and effectiveness, all reported cases in the literature from 1955 have been systematically reviewed in detail. 18 19 21 Chlorpromazine might possibly aggravate cardiotoxic or epileptogenic properties of other drugs (e.g. venlafaxine and TCAs). Further details of treatment with 5-HT 2A antagonists are contained in recent toxicology texts. 83 Benzodiazepines have recently been demonstrated to reduce pyrexia in serotonin toxic rats and may be a reasonable adjunctive treatment with 5-HT 2A antagonists. [49] [50] [51] [52] These recent developments strongly support the early work, reviewed by Gillman, 20 concerning the effectiveness of 5-HT 2A antagonists in preventing hyperpyrexia and death in an animal model of serotonin toxicity, and also for the treatment of serious serotonin toxicity in humans. 21 28 83 Extensive details analysing the history and evidence relating to drugs that have been tested in animal models of serotonin toxicity are contained in two major reviews. 20 21 However, it may be noted that no expert animal pharmacologist has yet reviewed this subject in detail, and there remains much work to be done in relation to testing drugs in animal models of serotonin toxicity using more up-to-date techniques. The only systematic recent work since Marley's seminal papers [42] [43] [44] [45] [46] in the early 1980s has been done by Nisijima. In brief, from the very earliest experiments in 1958, 6 58 through to Nisijima's work, a wide variety of structurally different agents have been tested in animal models. In many cases the receptor properties of the drugs were not known at the time the experiments were done, accurate receptor potency estimations have only been available in the last two decades, and much of the work preceded that. All the agents that have appeared to be effective have turned out to be 5-HT 2A antagonists. None of the 5-HT 1A antagonists tested has appeared to exhibit efficacy, either in animal models or very limited human test cases, indeed bromocriptine (see Table 3 ) seems to worsen serotonin toxicity. 20 However, recognition of the limited amount of accurate comparative data for most of these drugs at 5-HT receptor subtypes needs to be taken into account before reaching firm conclusions. In practice, the only drugs with some specificity at 5-HT receptor subtypes, that are available for use in humans, are listed in Table 3 , where it can be seen that the evidence for efficacy is strongly in favour of those drugs which appear to be potent and specific 5-HT 2A antagonists. It remains possible that more sophisticated understanding of the effects of these drugs will in future modify our understanding of the precise 5-HT receptor subtypes involved. For instance, there are almost no data at all concerning the relative potency of any of these drugs at the 5-HT 2 A, B, C, D receptor subtypes. It is clear that GABA agents like benzodiazepines are less effective than 5-HT 2A antagonists, but do attenuate elevation of temperature in rat models of serotonin toxicity. Dopamine antagonists are ineffective. 21 
Conclusion
In summary, morphine, codeine, oxycodone and buprenorphine are now known not to be SRIs and they do not precipitate serotonin toxicity with MAOIs. Pethidine, tramadol, dextromethorphan and methadone definitely are weak SRIs (see Table 2 ), and may infrequently precipitate dose-dependant serotonin toxicity (when administered in conjunction with any type of MAOI), but perhaps only in large doses or susceptible individuals. Our ability to estimate the risk with particular drugs with any precision is compromised by a lack of systematically recorded data on the clinical toxicity of these drugs, and also by the lack of pharmacological data concerning their precise potency, as SRIs or releasers, using the latest assay techniques. For some drugs (propoxyphene, pentazocine, fentanyl, remifentanil and congeners) there is no SRI affinity data at all, and we have to rely on interpolations and the presence or absence of clinical reports (Table 2) . It is to be hoped that increasing understanding and awareness of this situation will stimulate further research that will answer these remaining questions.
However, the clinical situation and the risks are now more clearly defined and understood and the information herein will enable many clinicians to be more confident when making decisions about patient management. Choices involving the known serotonergic opioids can now be made in particular clinical situations by balancing the advantages and disadvantages that there may be for individual patients with respect to particular drugs. The level of risk with known serotonergic opioids is probably low, but its unpredictable and serious nature makes it difficult to form judgments. All other factors being equal, it would seem prudent to use the drugs known not to be SRIs where possible. These judgments may be tempered by the knowledge that any reaction is dose-dependent and that we are now confident that reactions can be successfully treated, if severe, with 5-HT 2A antagonists.
